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Assembly of Epithelial Tight Junctions
Is Negatively Regulated by Par6
and assayed for TJ reassembly after a calcium switch
[10]. Cells grown in medium lacking calcium lose both
AJs and TJs, and the cells detach from one another [11].
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University of Virginia School of Medicine Readdition of calcium then triggers TJ assembly. Within
6 hr after calcium addition, 97% of cells from the controlCharlottesville, Virginia 22908-0577
line showed complete recovery of ZO-1 labeling at cell
junctions (Figures 1B and 1C). However, cells from lines
that express wild-type myc-Par6 showed only partialSummary
ZO-1 relocalization (45% recovery). The inhibitory effect
of NPar6 was greater than that of the wild-type (onlyEpithelial cells display apical-basal polarity, and the
apical surface is segregated from the basolateral 17% recovery), whereas a Par6 (mutPar6) that contains
a mutation in the PDZ domain and does not bind Par3membranes by a barrier called the tight junction (TJ).
TJs are constructed from transmembrane proteins [4] had no effect (Figures 1B and 1C). Importantly, TJ
reassembly, as assessed by ZO-1 distribution, was com-that form cell-cell contacts—claudins, occludin, and
junctional adhesion molecule (JAM)—plus peripheral plete after 24–48 hr in all cell lines (Figure 1B and data
not shown). The distributions of other TJ components—proteins such as ZO-1 [1, 2]. The Par proteins (parti-
tioning-defective) Par3 and Par6, plus atypical protein occludin, claudin-1, and Par3—showed similar changes
(Figure 1B and data not shown). Overall, these datakinase C (aPKC) function in the formation or mainte-
nance of TJs [3–5] and more generally in metazoan indicate that ectopic expression of active Par6 delays
but does not irreversibly obstruct the assembly of TJscell polarity establishment [6, 7]. Par6 contains a PDZ
domain and a partial CRIB (Cdc42/Rac interactive in MDCK II cells.
To determine whether the changes in TJ protein distri-binding) domain and binds the small GTPase Cdc42.
Here, we show that Par6 inhibits TJ assembly in MDCK bution reflect a structural change in cell-cell contacts,
cells were subjected to a calcium switch, then fixed afterII epithelial cells after their disruption by Ca2 depletion
but does not inhibit adherens junction (AJ) formation. 6 hr and examined by electron microscopy (Figure 2A).
Control cells showed extended regions of close opposi-Transepithelial resistance and paracellular diffusion
assays confirmed that assembly of functional TJs is tion to one another near the apical surface, characteris-
tic of TJs. However, the NPar6 cells lacked these ex-delayed by Par6 overexpression. Strikingly, the iso-
lated, N-terminal fragment of PKC, which binds Par6, tended structures, and the distance between the plasma
membranes of adjacent cells was variable. Both cellalso inhibits TJ assembly. Activated Cdc42 can disrupt
TJs [3–5], but neither a dominant-negative Cdc42 mu- lines did show focal contact areas characteristic of AJs.
These data predict that TJ proteins such as ZO-1, whichtant nor the CRIB domain of PAK (p21-activated ki-
nase), which inhibits Cdc42 function, observably in- become detergent insoluble when incorporated into sta-
ble TJs, would be more soluble in the Par6B cells. Figurehibit TJ formation. These results suggest that Cdc42
and Par6 negatively regulate TJ assembly in mamma- 2B shows that this is the case: the fraction of insoluble
ZO-1 in the NPar6 and wtPar6 cell lines, 6 hr afterlian epithelial cells.
the calcium switch, was lower than in the control and
mutPar6 cell lines. The problem lies in the assemblyResults and Discussion
process and is not a consequence of reduced expres-
sion, because levels of the junctional proteins were notWe showed previously that the overexpression of Par6B
or Par6B (102-373)—(NPar6)—disrupts the localization significantly changed in the different cell lines after the
calcium switch (Figure 2C).of ZO-1 and Par3 in Madin-Darby canine kidney (MDCK)
epithelial cells [4]. To determine whether this disruption TJs act as a selective permeability barrier for paracel-
lular ion flow and hence generate a resistance (the TER)is restricted to peripheral TJ components, we have now
between the apical and basolateral media. In MDCK IIexamined the effects of Par6B on two transmembrane
cells, the TER peaks at 6 hr, then falls to a lowerproteins, occludin and claudin-1, which are the major
steady-state value by 24 hr. This response may reflectstructural components of TJ strands [8, 9]. MDCK II cells
an early incorporation of claudin-1 into TJs, followed bywere transiently transfected with myc-tagged NPar6
a slow replacement with claudin-2 or another isoformand stained for endogenous occludin and claudin-1. In
[12]. Myc-Par6 and myc-NPar6 expression delayed bymost cases, no cell boundary staining for either protein
3–6 hr the initial peak in TER induced by reintroductionwas detected between cells that expressed the tagged
of calcium, and reduced the peak TER by 2- to 4-foldPar6, indicating loss of the entire TJ structure (Figure
(Figure 2D). However, the TER fell to a similar steady-1A). To distinguish whether Par6 regulates the assembly
state value in all cell lines after 24 hr. We next measuredrather than maintenance of TJs, we generated stable
the paracellular diffusion of 3H-labeled inulin (5.2 kDa).cell lines that express various myc-Par6B constructs
Inulin is too large to be able to cross functional TJs. At
6 hr, the leakage rate through Par6 and NPar6 cell2 Correspondence: imacara@virginia.edu
monolayers was 50- and 100-fold greater than that3 Present address: Cellzome GmbH, Meyerhofstr. 1, D-69117 Heidel-
berg, Germany. through the control cell monolayers (Figure 2E). How-
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Figure 1. Par6 Overexpression Inhibits TJ
Assembly in MDCK Cells
(A) MDCK cells were transiently transfected
with myc-NPar6B. Cells were fixed and
stained for the myc epitope and endogenous
occludin or claudin-1.
(B) MDCK cells were stably transfected with
myc-tagged Par6B constructs as indicated.
Control is untransfected cells. After cells
reached confluence, they were grown in a
medium depleted of calcium. Cells were fixed
at different times after readdition of calcium
and stained for ZO-1, occludin, or Par3. For
each cell line, at least two clones were ex-
amined.
(C) Quantitative analysis of TJ assembly
showing percentage of cells that have incom-
plete peripheral ZO-1 staining 6 hr after cal-
cium addition.
ever, after 48 hr, the paracellular diffusion rates had inhibit TJ assembly, presumably by binding to and acti-
vating endogenous Par6. It has been reported previouslyfallen almost to zero in all cell lines. Together, these
data show that Par6 regulates the assembly rather than that the expression of a kinase-dead aPKC mutant dis-
rupts cell-cell contacts [5]. We now show that this effectthe maintenance of TJs. The effect is specific to TJs
because normal AJs were reestablished in all cell lines is mediated by N terminus of aPKC. Interestingly, the
Par6 and aPKC N termini both contain an octicosapep-within 6 hr postcalcium switch (Figure 2A and Supple-
mentary Material available with this article online). tide repeat (OPR) motif [13] (Figure 3C). Mutation of
two conserved aspartate residues within the PKC OPRThe inhibitory activity of NPar6, which is unable to
bind atypical PKC, demonstrates that association of motif abolishes binding to Par6B (Figure 3D) and re-
verses the inhibition of TJ assembly (Figure 3A, lowerPar6 with aPKC is not required for the regulation of TJ
assembly. Consistent with this, the isolated N-terminal panels). This motif is also present in several other aPKC
and RhoGTPase binding proteins, but its function indomain of Par6, which binds to the N-terminal, regula-
tory domain of aPKC—Par6(1-125)— had no effect on protein-protein interactions had not been previously de-
fined.TJ assembly (Figures 3A and 3B). However, overexpres-
sion of this aPKC regulatory domain—PKC (1-126)—did One interpretation of these data is that Par6 exists in
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Figure 2. Overexpression of Par6B Inhibits
TJ Assembly and Function
(A) Electron microscopy of control and
NPar6B cells 6 hr postcalcium switch. Thin
sections were stained with uranyl acetate,
carbon-shadowed, and imaged at 33,000.
(B) Par6B expression reduces the insoluble
fraction of ZO-1. Cytosol and detergent-insol-
uble fractions of cell extracts were prepared
6 hr postcalcium switch and analyzed by im-
munoblot to detect ZO-1. The results were
quantified by ImageJ. c, cytosol fraction; i,
detergent-insoluble fraction; *, statistically
significant difference from control cells (p 
0.05) (from three independent experiments).
(C) TJ protein levels are similar in all Par6B
cell lines 6 hr after the calcium switch.-tubu-
lin was used as a loading control.
(D and E) MDCK Par6B stable cell lines were
grown on permeable filters and subjected to
calcium switch 4 days after reaching conflu-
ence. For each assay, at least two different
clones per cell line were assayed. (D) Kinetics
of TER formation were monitored for 48 hr
following calcium readdition. (E) Paracellular
diffusion of 3H-labeled inulin across the
MDCK cell monolayer was measured at 6 and
48 hr postcalcium addition.
an equilibrium between active and inactive conforma- using a MDCK (Tet-off) cell line that expresses the domi-
nant-negative mutant myc-Cdc42 (T17N) after with-tions and that association with the regulatory domain
of aPKC or deletion of the N terminus both convert the drawal of doxycycline from the medium [20]. The domi-
nant-negative Cdc42 had no visible effect on ZO-1protein into the active state, which inhibits TJ assembly.
Overexpression of wild-type Par6 may increase the ab- relocalization after calcium switch (Figure 4A), sug-
gesting that Cdc42 activation is not essential for TJsolute abundance of the active state sufficiently to in-
hibit TJ assembly. assembly. This result was confirmed by the observation
that the isolated CRIB domains of PAK and WASP,Par6 also interacts with the small GTPases Cdc42 and
Rac [3, 4, 7], which have been shown to be important for which inhibit endogenous Cdc42-GTP, also had no ef-
fect on TJ assembly (Figure 4B and data not shown).the control of cell shape and polarity in diverse systems
[14–16]. Par6B, however, does not bind efficiently to Finally, we produced a Par6B mutant, Par6BPro136,
which is analogous to a Par6C mutant that has pre-Rac [4]. A gain-of-function mutant, Cdc42 (Q61L), can
disrupt TJs when transfected into MDCK cells but has viously been shown to be defective in Rac binding [3].
This Par6B mutant does not coimmunoprecipitate acti-pleiotropic effects that may be unrelated to Par6 [4].
Cdc42 is known to be activated in MDCK cells during vated Cdc42 (Figure 4C). When transfected into MDCK
cells, Par6BPro136 did delay TJ assembly, but to a sig-the reestablishment of cell-cell contacts after a calcium
switch [17, 18]. Cdc42 activation is also essential for nificantly less extent than did the wild-type Par6B (Fig-
ures 4D and 4E).polarization of migrating astrocytes—a process that in-
volves Par6 and PKC [19]. Therefore, we examined Based on these data, we propose a model in which
Par6 exists in an equilibrium between an inactive andwhether Cdc42 activation is involved in TJ assembly,
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Figure 3. The N-Terminal Domain of aPKC but Not of Par6B Inhibits TJ Assembly
(A) MDCK cells were transiently transfected with plasmids encoding Par6B (1-125), aPKC (1-126), or aPKC (1-126, V62,66A). Cells were fixed
and stained for the myc epitope and ZO-1.
(B) Quantification of TJ assembly defect, showing percentages of cell-cell contacts between transfected cells still incomplete 6 hr after calcium
readdition.
(C) Alignment of OPR motifs. Stars show aPKC residues that were mutated. Hs, Homo sapiens; Mm, Mus musculus, Rn, Rattus norvegicus;
Sc, Saccharomyces cerevisiae.
(D) aPKC (1-126, V62,66A) does not coimmunoprecipitate with Par6B. COS cells were cotransfected with plasmids encoding HA3-Par6B or HA3-
Par6B (102-373) and myc-aPKC (1-126) or aPKC (1-126, V62,66A) as indicated. Par6B was immunoprecipitated and blotted for the myc epitope.
CL  cell lysate (1/10 of total).
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